Advances in structural and functional imaging techniques have provided new insights into our understanding of brain and language relationships. In this article, we review the various structural and functional imaging methods currently used to study language deficits in acute stroke. We also discuss the advantages and the limitations of each imaging modality and the applications of each modality in the clinical and research settings in the study of language deficits.
Aphasia or impairment of language is one of the most common and disabling consequences of a left hemisphere stroke. About one third of all people who experience a stroke develop aphasia. 1, 2 Recovery from acute aphasia following stroke varies considerably. Advanced brain-imaging techniques have provided new insights in our understanding of how language is represented and processed in the brain and how it can be disrupted after a stroke. In the acute phase of stroke, the use of imaging techniques aims to provide information concerning areas of infarct, areas of hypoperfusion, and functional damage. Accurate neuroimaging is critical for timely care and appropriate treatment. For example, the guidelines for administration of recombinant tissue plasminogen activator, a treatment that can be used to break down blood clots when administered in the first hours after stroke onset, requires imaging to exclude the possibility of hemorrhage. 3 Imaging is not only valuable in determining the immediate course of medical treatment for acute stroke: the information it provides about the location and extent of damage is also useful in determining the likely course of deficits and potential for recovery that may be especially relevant to speech-language pathologists in the acute care setting.
The aim of this article is to discuss the various structural and functional imaging methods currently used to study language deficits in acute stroke. Neuroimaging modalities can be classified as those that define structure of the brain (e.g., cerebrospinal fluid [CSF] , gray matter, white matter) and structural abnormalities, such as standard computed tomography (CT) and magnetic resonance imaging (MRI), and those that capture metabolic function of the brain and define functional changes, such as positron emission tomography (PET) and functional MRI (fMRI). This review focuses on the structural and functional imaging using magnetic resonance techniques.
STRUCTURAL NEUROIMAGING

Computed Tomography
Although the focus of this review is MRI techniques, it is important to note that CT is the most common type of structural neuroimaging that may be encountered in the acute setting. In this technique, X-ray images are taken from multiple angles using an X-ray tube and detector that revolve around the body. Reconstruction algorithms are then applied to compute a series of two-dimensional images that can be interpreted. Different algorithms can accentuate different types of tissue, which show up as distinct in the images because they have different densities and absorb X-rays at different rates. 4 Historically, this technique has been very useful in identifying correspondences between lesion location and cognitive deficits. 5 It has some practical advantages over the more modern technique of MRI: it is more widely available in acute care settings, is less expensive, takes less time to perform, and can be used to image those who have contraindications for MRI such as claustrophobia or metal in the body. 6 However, because it relies on X-rays, it does have risks associated with ionizing radiation. Although CT can be used to detect acute hemorrhage, MRI is more accurate and sensitive in detection of acute ischemia within the first 24 hours. 3, 7, 8 That is, new ischemic strokes do not show up on CT immediately.
Magnetic Resonance Imaging
MRI is used to produce structural images of the brain. MRI is based on the magnetization properties of protons. A powerful, uniform, external magnetic field is employed (1.5 to 3 Tesla-the unit of the intensity of the magnetic field-on commonly used clinical machines) to align the protons that are normally randomly oriented within the water nuclei of the tissue being examined. This alignment is disrupted by introduction of an external radiofrequency (RF) energy. The protons return to their resting alignment through various relaxation processes and in so doing emit RF energy. After a certain period following the initial RF, the emitted signals are measured. Fourier transformation is used to convert the frequency information contained in the signal from each location in the imaged plane to corresponding intensity levels, which are then displayed as shades of gray in a matrix arrangement of pixels. By varying the sequence of RF pulses applied and collected, different types of images are created. 9 The RF pulses have two effects on protons. The longitudinal orientation of the protons relative to the external magnet can change, and the spinning (transverse) movement of the protons becomes in phase with each other.
Tissue can be characterized by two different relaxation times-T1 and T2. T1 (longitudinal relaxation time) is the time constant that determines the rate at which excited protons return to equilibrium relative to the external magnetic field. It is a measure of the time taken for protons to realign with the external magnetic field. T2 (transverse relaxation time) is the time constant that determines the rate at which spinning protons go out of phase with each other. It is a measure of the time taken for spinning protons to lose phase coherence among the nuclei spinning perpendicular to the main field. 9, 10 The most common MRI sequences are T1-weighted and T2-weighted scans. T1-weighted images reveal anatomical detail and T2-weighted images identify edema and ischemia, although damage after stroke cannot be seen on these images for 2 to 3 days poststroke. T1-and T2-weighted images can be easily differentiated by looking the CSF. CSF is dark on T1-weighted imaging and bright on T2-weighted imaging. A third commonly used sequence is the fluid-attenuated inversion recovery. In the fluid-attenuated inversion recovery sequence, brain abnormalities remain bright, but normal CSF fluid is attenuated and made dark. 11 This sequence is very sensitive to pathology, such as inflammatory lesions or infections, and makes the differentiation between CSF and an abnormality much easier. However, acute strokes do not appear immediately on these sequences so their utility in management of acute stroke is limited. 12 These techniques are useful for acute stroke in that they identify areas of previous damage. Knowing the locations of older strokes can help differentiate the symptoms of the new stroke from those that were likely preexisting.
Diffusion-Weighted Imaging
In terms of imaging techniques that define structural abnormalities, diffusion-weighted imaging (DWI) is particularly useful for identification of acute stroke. DWI, a variant of conventional MRI, is designed to measure the apparent diffusion of water molecules in the brain. 13 In an unrestricted environment, water moves freely in all directions. This random motion in all directions is called isotropic diffusion. In the brain, diffusion rates differ because of the different types of biological tissue. For example, there are high rates of diffusion within the ventricles that contain CSF. However, there are much lower rates in white matter, where diffusion is primarily observed to be along the tracts parallel to the axons. This directional diffusion is called anisotropic diffusion.
14 DWI is particularly well suited for detection of acute stroke because it is sensitive to changes in water diffusion but does not require overall change in water content, mass, or volume. Early changes during acute ischemic stroke are observable as changes in diffusion. Lack of oxygen and glucose due to impaired cerebral blood flow triggers rapid depletion of adenosine triphosphate. Without adenosine triphosphate, the ion pumps that regulate transfer of sodium ions and water into and out of cells fail. This leads to cytotoxic edema, a swelling of cells when there is an influx of ions into cells followed by an influx of water due to osmosis. The result of this is restricted diffusion: water that is now in the intracellular spaces cannot move as freely it could in extracellular spaces. 11, 12 Although the total amount of water does not change at this point and cannot be seen on most types of noninvasive imaging, the differences in diffusion can be seen on DWI, making it sensitive to early acute changes that allow early detection of stroke. 15, 16 The DWI technique was created by modifying the T2 sequence to add pulsed magnetic field gradients that allow measurement of the change of position of water molecules over a fixed time. 17 After aligning all the water molecules to the same orientation, a gradient pulse is applied that disturbs the orientation of the molecules to various extents based on their position, essentially labeling the location of each molecule. Time passes, during which the water molecules diffuse. Next, a refocusing gradient is applied to reverse the effect of the labeling gradient applied earlier. This gradient cancels the labels for water molecules that remained in the same area. However, water molecules that moved between the applications of gradients end up out of phase with their neighbors, which will reduce the signal measured in that location. 12, 13, 18 Therefore, areas with greater diffusion have weaker signal on DWI whereas those with more restricted diffusion have stronger signal (see Fig. 1 ).
Because DWI is based on the T2 sequence, it can be difficult to interpret the resulting images. Areas of increased signal intensity could reflect restricted diffusion, or they could reflect high T2 signal (e.g., older lesions). This is called T2 shine through. To deal with this issue, one can compare different DWI images collected with different b-values (measurements of the strength and timing of diffusion gradients). Typically, at least two b-values are used: b ¼ 0, which is the same as a T2 sequence with no gradient applied, and a high b-value such as b ¼ 1,000 s/mm 2 . Comparing the resulting images allows mapping of the apparent diffusion coefficient, which represents the rate of diffusion and removes T2 effects.
The sites and sizes of lesions identified on DWI are related to observed cognitive deficits, including those that affect language. For example, Hillis and colleagues obtained DWI and cognitive/language testing for 40 individuals within 24 hours of acute stroke. 20 For those whose strokes affected the dominant hemisphere for language, they found that the volume of the acute infarct on DWI was significantly correlated with the number of errors on a lexical battery that evaluated comprehension, naming, reading, and repetition. Such studies provide evidence that DWI abnormalities represent tissue dysfunction, and allow for investigation of the brain areas that are necessary for specific cognitive processes.
Perfusion-Weighted Imaging
Another type of structural imaging that has been very helpful in identification of acute stroke is perfusion-weighted imaging (PWI). This type of imaging tracks the flow of blood in the brain and evaluates for areas of hypoperfusion (poor blood flow) that can cause tissue dysfunction. Unlike the other types of MRI discussed here, this type of imaging typically requires injection of radioactive contrast material, most frequently gadolinium. 13 For this reason, PWI has additional exclusion criteria (such as considerations about kidney function or allergies to contrast) that mean it cannot be used in all individuals who otherwise can undergo MRI. The contrast bolus used in this type of imaging is paramagnetic and as a result changes T2 relaxation times, leading to reduced signal intensity.
11 Gradient echo imaging is used to detect these changes with sequential images taken before arrival of the injected contrast and as it quickly travels through the vasculature. By tracking the contrast bolus, it is possible to quantify perfusion in the brain and identify areas of hypoperfusion that receive reduced blood flow. A variety of relative measures can be calculated, including those of time for blood to reach a specified area such as mean transit time and time to peak; relative cerebral blood flow; and relative cerebral blood volume. 18 Active areas of research investigate whether thresholds for these measures exist that can distinguish viable tissue from tissue that is irreversibly damaged. For example, Shih and colleagues suggested that an adjusted time to peak measure of 6 to 8 seconds could be used to identify core infarcted tissue. 21 PWI is often coupled with DWI. According to the diffusion-perfusion mismatch model, diffusion abnormalities represent the ischemic core of tissue that cannot be salvaged after stroke, whereas the surrounding areas with abnormal perfusion (but normal diffusion) represent the penumbra of potentially viable tissue that is potentially salvageable by restoring blood flow. 16, 22 Although this pattern is typical of many acute strokes, it is not true for everyone (see Fig. 1 ). Note that in many individuals with acute stroke, perfusion abnormalities are of similar size to diffusion abnormalities. 16 In others, sites of diffusion and perfusion abnormality are nonoverlapping, suggesting reperfusion of damaged tissue that appears abnormal on DWI and lack of progression to infarction of tissue that appears abnormal on PWI. 23 Furthermore, studies frequently report DWI lesion reversal in a minority of individuals, meaning that DWI abnormality does not necessarily represent homogeneous tissue that cannot be salvaged: some of it may remain viable and respond to reperfusion treatment with thrombolysis and other methods. 24, 25 Likewise, tissue that appears as abnormal on PWI cannot always be salvaged, even with prompt medical treatment, but may progress to infarct. However, the diffusion-perfusion mismatch model has been helpful in triaging individuals with acute stroke for treatment, with many of the best candidates showing small diffusion abnormalities surrounded by larger perfusion abnormalities that respond to reperfusion treatment and poor candidates showing large diffusion abnormalities with minimal additional perfusion abnormalities that may not be safe to treat with current methods. 16 Instead of looking at the relationship between perfusion abnormality and tissue viability, other studies have instead focused on the relationship between perfusion and cognitive deficits. These studies typically find that cognitive performance reflects contemporaneous perfusion. This can be particularly relevant for evaluation of language deficits in acute stroke. For example, Hillis and colleagues examined the relationship between hypoperfusion and lexical-semantic deficits. 26 Looking at 50 individuals with acute stroke who did not show infarct of Wernicke area (Brodmann area 22) on DWI, they found that there was a strong correlation between the number of seconds of delay in timeto-peak concentration of contrast in Wernicke area relative to its right hemisphere homologue and number of errors on a spoken picture-word verification task. This indicates that perfusion is an important indicator of tissue dysfunction that determines cognitive performance and identified a critical area for lexical-semantic processing:
when Wernicke area did not have adequate perfusion, individuals demonstrated impaired word comprehension even in the absence of frank infarct in that region.
Findings suggest that perfusion measures are more highly correlated with cognitive performance than diffusion measures. In the study described previously as an example of the use of DWI, Hillis and colleagues showed that, although both diffusion and perfusion abnormalities were related to language deficits, perfusion abnormalities were more strongly correlated with errors on the lexical battery. 20 (For another example, see Shahid et al, this issue. 27 ) Note, however, that many individuals have similar areas of diffusion and perfusion abnormalities: for these individuals, PWI does not add additional information beyond DWI.
Another piece of evidence supporting the idea that perfusion is closely related to function is the observation that when perfusion improves, so too does cognitive/language performance. Hillis and colleagues examined 87 individuals with acute stroke, many of whom experienced restoration of blood flow due to successful treatment or spontaneous recovery as seen by comparing later PWI scans taken 3 to 5 days poststroke to earlier ones taken within 24 hours of acute stroke. 28 They found that reperfusion of left posterior middle temporal gyrus, left fusiform gyrus, Broca area, and/or Wernicke area were associated with improved picture naming. Failure to reperfuse, even without progression to infarct, may lead to persistent deficits. For example, Motta and colleagues reported that persistent reperfusion in individuals without infarct growth on DWI was associated with failure to recover on tasks evaluating naming as a measure of language deficits and line cancellation as a measure of spatial neglect. 29 On the other hand, those who did show reperfusion showed greater improvement at the later time point. These examples show that examination of perfusion abnormalities can be particularly informative in understanding language deficits in acute stroke.
Diffusion Tensor Imaging
Beyond information about the specific location and size of lesions, imaging techniques can also be useful for evaluating damage to networks involved in cognitive processing. Damage to a specific area has consequences for the network in which it is embedded; the areas that send input to the damaged region and receive output from the damaged region are also impacted. The physical white matter connections between areas may be damaged in addition to the cortical gray matter.
One technique that has shown promise for evaluating physical connections between cortical regions is diffusion tensor imaging (DTI). As discussed previously, DWI is a well-established method that shows the diffusivity of water molecules and is described in detail in the previous section. Improvements in the imaging of water diffusion have been made by the development of the more complex DTI, which allows direct examination in vivo of some aspects of tissue micro structure (for detailed explanation, see Mori and Tournier 30 ). DTI yields quantitative measures reflecting the integrity of white matter fiber tracts, by taking advantage of the intrinsic directionality of water diffusion in human brain. 14, 31 The fractional anisotropy (FA) index is the most widely used parameter of DTI for representing the motional anisotropy of water molecules, being sensitive to the presence and integrity of white matter fibers. Values of FA range from 0 to 1, where 0 describes diffusion that is completely isotropic, or equal in all directions. For instance, isotropic diffusion is usually observed in the ventricles, as water molecules in CSF are able to disperse freely in all directions, described by FA values close to 0. White matter fiber bundles would exhibit FA values close to 1 as almost all diffusion is directed along the length of the axons. The FA value increases with increased organization of white matter tracts; in contrast, a decrease in the value is related to disintegration of a neural tract. 32 The average rate of diffusion, or mean diffusivity, is another important index describing the average speed with which the molecules traveled during a given time interval. 33 Mean diffusivity values are higher in the ventricles, as molecules are unrestricted and can travel larger distances than in gray or white matter.
A growing literature indicates the importance of white matter tracts in understanding the neural mechanisms of language processing and determining the nature of language deficits and recovery patterns in aphasia. The major white matter tracts implicated in language processing include the arcuate fasciculus (AF), superior longitudinal fasciculus, inferior longitudinal fasciculus, inferior frontal-occipital fasciculus, uncinate fasciculus, and corpus callosum. The AF is the largest and best-identified tract of the language network. The AF is the fiber bundle that connects the frontal and parietotemporal language areas, classically known as Broca and Wernicke areas. Previous DTI studies in normal subjects reported that fiber connection is greater in the left AF than in the right. 34 Studies have reported that damage to the AF is related to repetition, naming, and comprehension impairments in poststroke aphasia. [35] [36] [37] [38] The majority of DTI studies in aphasia have been performed in the chronic phase of stroke. A recent study by Ivanova et al in chronic poststroke aphasia showed lower FA values for all the major left hemisphere tracts. 39 In addition, the authors found reduced white matter integrity in the right hemisphere. This finding is somewhat surprising given that only individuals with left hemisphere stroke were included in the study. Potentially, changes in microstructure in white matter tracts in the nonlesioned hemisphere could reflect effects of distal degeneration or diffuse white matter damage and general age-related atrophy that are more characteristic of the stroke group.
With regard to acute stroke, only a few studies have investigated changes in white matter integrity during the early phases after stroke. For example, a recent study by Koyama and Domen investigated fiber tract integrity in 10 aphasic participants and 21 controls using DTI. 40 The results of the study showed significantly reduced FA values in the left AF connecting Wernicke and Broca areas for the participants with stroke compared with the control group. Further, regions of interest analyses confirmed significantly lower left-to-right AF-to-FA ratios in participants with aphasia versus controls. These findings indicate that the left AF is a crucial white matter tract in aphasia.
In summary, DTI studies allows us to investigate not only changes in structural organization of known white matter projections, but also to ascertain the presence of new pathways, making it crucial to understanding mechanisms of aphasia recovery. One potential use of DTI in aphasia rehabilitation involves the measurement of integrity of various tracts and correlating these measures with behavioral language scores (e.g., Aphasia Quotient on the Western Aphasia Battery). However, note that this technique requires intensive computational processing. At this point, it has not made much impact on treatment and diagnosis during the acute phase, although studies in individuals with chronic aphasia and healthy controls add to our understanding of networks underlying language processing.
FUNCTIONAL NEUROIMAGING
In the past 25 years, there has been an explosion of research into the neural basis of language processing. Functional neuroimaging techniques are important tools for studying the effects of brain injury on speech and language processing. These techniques include: fMRI, PET, electroencephalography (EEG), magnetoencephalography (MEG), and near-infrared spectroscopy. Functional imaging techniques attempt to measure neuronal activity. Some techniques measure neuronal activity by measuring changes in electrical activity as clusters of neurons become active (EEG) or by measuring the changes in magnetic fields related to electrical activity changes (MEG). Other methods measure neuronal activity through a vascular response, such as an increase in cerebral blood flow (PET) or a change in blood oxygenation (near-infrared spectroscopy, fMRI). fMRI has specific advantages and disadvantages relative to other functional neuroimaging techniques. One advantage of fMRI over PET is that fMRI is noninvasive and does not expose the subject to radiation, whereas PET requires the injection of a radioactive, positron-emitting contrast agent. Another advantage of fMRI over other imaging techniques is its spatial resolution. Temporal resolution is an advantage for fMRI over PET, but fMRI is at a disadvantage in temporal resolution compared with techniques using EEG or MEG. PET's ability to resolve neural events is on the order of tens of seconds, fMRI's ability to do so is on the order of seconds, and the ability of EEG-and MEG-based techniques to do so is on the order of milliseconds. 9 The remainder of this review will focus on fMRI in poststroke aphasia language processing.
fMRI is a functional neuroimaging procedure using an MRI method that measures brain activity by detecting changes associated with blood flow. 9 The MRI method most often used to produce information related to brain function is called blood oxygenation level dependent (BOLD) contrast imaging, which shows areas where blood flow exceeds oxygen extraction, which corresponds to activation of neurons. The fMRI method capitalizes on magnetic differences between oxygenated and deoxygenated blood. Hemoglobin in the blood becomes strongly paramagnetic in its deoxygenated state. The BOLD signal is an indirect measure of neural activity that depends on the blood flowmediated relationship between neural activity and the concentration of deoxyhemoglobin within the surrounding microvasculature. When a neural event occurs anywhere in the brain, there is a local increase in blood flow, 41 which results in a decrease in the concentration of paramagnetic deoxygenated hemoglobin in the microvasculature surrounding the activated region. 42 This local increase in the ratio of nonparamagnetic oxygenated hemoglobin to paramagnetic deoxygenated hemoglobin results in the detection of an increase in the BOLD signal. 43 The process by which neural activity influences the hemodynamic properties of the surrounding vasculature is referred to as neurovascular coupling. By using BOLD images, one can indirectly detect the increase in neuronal activity at the moment that a participant performs a particular task, compared with another moment when that task is not executed. (For a more detailed explanation of fMRI and BOLD contrast please refer to Huttel et al.
)
Task-Based fMRI The basic concept of task-based fMRI is to have a participant inside the scanner performing a series of tasks while BOLD images representing the brain are collected. 44 A set of images covering the whole brain (a brain volume) is typically acquired every 2 to 3 seconds, and (to increase sensitivity) hundreds of brain volumes are typically accumulated during an fMRI scan, lasting around 5 to 10 minutes. fMRI studies mainly focus on identifying brain regions that exhibit an increase in neuronal activity during the execution of a task or in response to a stimulus, in comparison to a baseline or control state. That is, task-related fMRI shows areas where activation correlates with the task (being done in the scanner). As a simple example, to map areas of cortex responsible for moving a finger, images acquired during finger movement are compared with images during which no finger movement is made. With respect to language processing, the following is an example of an fMRI experiment from our laboratory to investigate the brain regions active during word reading. Healthy control participants were asked to passively read words and passively view a fixation cross. To map areas of the cortex responsible for reading, images acquired during passive word reading were compared with images acquired during passive viewing of a fixation cross. This revealed activation in the bilateral lateral occipital cortex, fusiform gyrus, and inferior temporal cortex. See Fig. 2 for activation maps.
There are some challenges in using fMRI in stroke research. Stroke populations are particularly susceptible to changes in neurovascular coupling arising from both local structural damage following focal ischemia and changes distant to the insult. 45, 46 There are several approaches in both experimental design and statistical analysis of fMRI data that might address issues regarding neurovascular coupling and BOLD signal in stroke (see D'Esposito et al 47 for detailed explanation regarding alterations in neurovascular coupling in stroke and ways to overcome this confound in fMRI studies). Head motion is another issue in general with fMRI research, and in particular with stroke population. Head motion results in changes in the cerebral tissue signal, decreasing the signal-tonoise ratio. Studies that use speech production tasks also result in increasing motion related artifacts. Sparse temporal sampling, which takes advantage of the delay in the hemodynamic effect (sampling the signal after the motion or after the noise from the scanner) provides an effective solution to this problem, as well as the problem of artifact caused by scanner noise in listening tasks. 48 Another issue is regarding the choice of tasks used in fMRI stroke studies. Successful functional imaging in participants with aphasia requires the selection of tasks that are achievable given their level of impairment. 49 fMRI studies have helped in identifying areas of the brain that are engaged in particular language functions. The study of aphasia with functional imaging can help us not only to understand how language functions are Figure 2 Functional magnetic resonance imaging maps show areas of activation associated with passive word reading compared with viewing a fixation point for one healthy control participant. All images are shown in radiologic convention (left in image is right in the brain).
organized after dominant-hemisphere damage but also to determine how brain mechanisms reorganize during recovery. Identifying the brain mechanisms underlying stroke-related aphasia is critical for understanding its prognosis and developing new therapeutic methods to treat it. The majority of poststroke aphasia studies using fMRI have focused on the chronic stage of recovery. fMRI studies of chronic stroke participants with aphasia suggest that recovery of language occurs in a preexisting, bilateral network with an upregulation of undamaged areas and a recruitment of perilesional tissue and homologous right language areas (for a detailed review see Anglade et al 50 ). There are only a handful of studies using task-based fMRI that have focused on language processing in the acute phase poststroke. An influential study by Saur and colleagues examined 14 participants with aphasia due to left middle cerebral artery stroke and an agematched control group. 51 Control participants were scanned once, whereas participants with stroke were scanned at three time points. Participants with stroke were first scanned 0 to 4 days poststroke, and again 2 weeks poststroke, and finally at 4 to 12 months poststroke. At the acute stage, nine participants presented with nonfluent aphasia and five participants with fluent aphasia. The fMRI paradigm consisted of an auditory comprehension task. Participants were presented with correct sentences (the pilot flies the plane) and sentences with semantic violations (the pilot eats the plane). The same set of stimuli played in reverse served as a control condition for the intelligible sentences. Participants were asked to press a button when a mistake was detected. fMRI analysis contrasted intelligible speech (correct and violation sentences) with reversed speech to identify language-specific activation. The results revealed that the normal controls activated left hemisphere frontal, temporal, and parietal language regions. The repeated fMRI examinations of participants in the acute, subacute, and chronic stage revealed three distinct phases of language recovery. In the acute poststroke phase, participants showed little activation of noninfarcted left-hemispheric language structures. At the subacute stage, fMRI revealed strong increase in activation of the entire language network with the highest increase of activation in the right frontal cortex. Parallel language testing showed significant improvement of language performance in the same time period. In the chronic stage months after the stroke, fMRI activation was similar to the normal controls and peak activation "reshifted" to the left hemisphere. The shifting of peak activation from the right hemisphere to the left hemisphere was associated with further significant improvement of language impairment resulting in an almost complete recovery in most participants. The results of this study are very important and the authors were able to relate fMRI activation patterns to language recovery. Furthermore, correlation analysis of early language activation and language performance corroborated that intact left language areas are important for early language processing.
Another study by Jarso and colleagues illustrated distinct mechanisms of recovery during the first year after stroke in several case studies. 52 For example, using longitudinal task-based fMRI at the acute (3 days poststroke) and subacute phase (8 weeks poststroke), the authors showed that the left-hemisphere language network can be restored if a component was dysfunctional due to diaschisis (i.e., caused by a remote lesion functionally connected to the component), and if there is recovery from diaschisis. This finding was based on scanning a participant with an acute left thalamic lesion resulting in difficulty with word fluency. Using a silent word generation task compared with passively viewing a series of nonsense symbols, the authors found that the participant showed a near absence of activation in left language cortex associated with word generation at day 3. It should be noted that this participant showed no hypoperfusion of these areas (based on PWI), or structural disconnection to these areas (based on DTI), the absence of activation might be best explained by the phenomenon of diaschisis-dysfunction of one area (in this case, language cortex) caused by a remote lesion (in the thalamus in this case). At week 8, when the participant's word generation had improved to normal level of fluency, he showed significant activation in left hemisphere language cortex. Recovery from diaschisis may occur through reestablishment of a balance in inhibitory and excitatory interactions between subcortical and cortical structures or between hemispheres.
Resting State fMRI
Resting state fMRI (rs-fMRI) is a relatively new and powerful method for evaluating regional brain interactions that occur when a subject is not performing an explicit task. rs-fMRI shows "connectivity"-correlations between the activation in various regions. That is, even when we are "resting" (not engaged in a specific tasks), the brain is still active, and this activity reveals regions of the brain that are part of a network. rs-fMRI measures spontaneous, low frequency fluctuations (0.1 Hz) in the BOLD signal to investigate the functional architecture of the brain. rs-fMRI identifies resting state networks by investigating synchronous activations between regions that are spatially distinct and that occur in the absence of a task or stimulus. 53 This is done by studying correlations between variations of the BOLD signal. Resting-state research has revealed several networks that are consistently found in healthy subjects. 54 For example, a language network that includes Broca and Wernicke areas but also extends to prefrontal, temporal, parietal, and subcortical regions has been described using rsfMRI. 55 rs-fMRI is particularly useful in the context of fMRI in stroke participants as there are no performance demands on participants and multiple functional networks can be examined simultaneously. The main advantage of rsfMRI to study plasticity in individuals with stroke is that unlike task-based fMRI designs, even severely affected participants can be studied. The task-free nature of rs-fMRI eliminates task-performance bias and participants can be studied even in the acute phase after injury, 53 ,56 a point of importance when studying plasticity and recovery processes.
A recent study by Sebastian et al combined task-based and rs-fMRI to investigate longitudinal changes in naming recovery in four participants with posterior cerebral artery stroke at the acute (1 to 3 days poststroke), subacute (3 to 5 weeks poststroke), and chronic (4 to 7 months poststroke) phase. 57 All participants had small lesions involving the left thalamus or the left occipital/fusiform gyrus and had naming deficits with varying levels of severity at the acute phase. The fMRI task consisted of a cued picture naming task, where a picture was presented concurrently with an auditory cue, which was either a whole word, an initial phoneme, or an unintelligible auditory noise. 58 The control task was passively viewing scrambled images. Comparing activation for picture naming to viewing scrambled images revealed robust activation in the bilateral cortical language network involving the frontal, temporal, and parietal regions in the acute phase in participants with varying degrees of naming deficits. Only one participant had decreased activation in the left hemisphere language network at the acute time point. Participants continued to show bilateral activation for naming as their language recovered.
rs-fMRI showed impaired brain connectivity in the left hemisphere language regions and also between left hemisphere and right hemisphere in the acute time point. This brain connectivity improved longitudinally only in participants who showed good naming recovery. The results of this study indicate that robust left hemisphere activation alone does not always lead to good recovery; what seems to be more important, at least in participants with posterior cerebral artery stroke, is the degree of functional connectivity between the left and right language regions.
Another rs-fMRI study by Yang et al found reduced functional connectivity in the left occipital and parietal cortices and increased connectivity in the right hippocampus, parahippocampus, and fusiform gyrus in stroke participants with aphasia 9 days poststroke compared with healthy controls. 59 Nair et al found decreased connectivity in the language network in left hemisphere in stroke participants (without aphasia, but with worse language performance than controls) at 5 days postonset compared with a healthy control group. 60 Follow-up evaluation at 4.5 months found increases in connectivity that coincided with behavioral improvement. These findings further strengthen the functional significance of rs-fMRI connectivity changes after stroke and their potential therapeutic and prognostic value.
In summary, the application of task-based and rs-fMRI has provided valuable information regarding the effect of focal lesion on neural architecture of language processing in acute/ subacute aphasia. Functional imaging is also useful in determining how brain mechanisms reorganize during rehabilitation. Functional imaging can help assess whether a treatment strategy engages or suppresses activity in different neural components of the language system. For example, both task-based and resting state imaging is being used in chronic aphasia rehabilitation to assess therapeutic benefits of a particular treatment protocol. 61, 62 Functional imaging has a potential application in individualizing treatments protocols when considering the emerging interest in using transcranial direct-current stimulation (tDCS) to enhance language therapy and facilitate better recovery outcomes. Current tDCS practices based on chronic stroke studies, favor stimulating left hemisphere areas to improve language recovery. However, given the differences in brain activation patterns between acute, subacute, and chronic stroke, fMRI could potentially help to determine the appropriate target location for tDCS stimulation to support language recovery during the acute/subacute phase.
CONCLUSION
In this review, we have considered the utility of neuroimaging techniques for management of acute stroke. Structural imaging techniques like DWI and PWI allow early identification of damaged tissue. The location and size of lesions identified with these techniques relate to cognitive performance. DTI allows for visualization of damage to the white matter networks that connect different areas of cortex. Functional imaging techniques such as task-based and rsfMRI allow for investigation of the functional integrity of cognitive processes. They can be used to explore the functional architecture of the language system, including how the involved networks are affected by damage and evolve throughout the process of recovery.
